ABSTRACT Transgenic crops producing Bacillus thuringiensis (Bt) toxins for insect control have been successful, but their efÞcacy is reduced when pests evolve resistance. To delay pest resistance to Bt crops, the U.S. Environmental Protection Agency (EPA) has required refuges of host plants that do not produce Bt toxins to promote survival of susceptible pests. Such refuges are expected to be most effective if the Bt plants deliver a dose of toxin high enough to kill nearly all hybrid progeny produced by matings between resistant and susceptible pests. In 2003, the EPA Þrst registered corn, Zea mays L., producing a Bt toxin (Cry3Bb1) that kills western corn rootworm, Diabrotica virgifera virgifera LeConte, one of the most economically important crop pests in the United States. The EPA requires minimum refuges of 20% for Cry3Bb1 corn and 5% for corn producing two Bt toxins active against corn rootworms. We conclude that the current refuge requirements are not adequate, because Bt corn hybrids active against corn rootworms do not meet the high-dose standard, and western corn rootworm has rapidly evolved resistance to Cry3Bb1 corn in the laboratory, greenhouse, and Þeld. Accordingly, we recommend increasing the minimum refuge for Bt corn targeting corn rootworms to 50% for plants producing one toxin active against these pests and to 20% for plants producing two toxins active against these pests. Increasing the minimum refuge percentage can help to delay pest resistance, encourage integrated pest management, and promote more sustainable crop protection.
Transgenic crops that produce insecticidal proteins from the bacterium Bacillus thuringiensis (Bt) can reduce reliance on insecticide sprays (Sanahuja et al. 2011) . The Bt proteins produced by such crops kill some major insect pests, but they cause little or no harm to most other organisms, including people (Mendelsohn et al. 2003 , National Research Council 2010 . Bt crops were initially grown widely in 1996 and covered Ͼ66 million ha worldwide in 2011 (James 2011) . From 1996 to 2002, Bt corn, Zea mays L., and Bt cotton, Gossypium hirsutum L., targeting lepidopteran pests accounted for nearly all of the acreage planted to Bt crops (Tabashnik et al. 2009b ). Since 2003, Bt corn hybrids targeting either coleopteran pests or both coleopteran and lepidopteran pests have been increasingly important in the United States (Table 1 ; Fig. 1 ). The most signiÞcant beetle pest targeted by Bt corn is the western corn rootworm, Diabrotica virgifera virgifera LeConte, that together with congeneric pests, cost farmers in the United States ϷUS$1 billion annually before 2003 (Rice 2004) . Currently, three Bt toxins (Cry3Bb1, Cry34/35Ab1, and mCry3Aa) active against Diabrotica species are produced either singly or in pairs by Bt corn registered in the United States (Table 1) . Corn producing Cry3Bb1 has been the dominant type of Bt corn active against corn rootworms, with the area planted in the United States increasing from 0.2 million ha in 2003 to 12 million ha in 2008 (Fig. 1) .
The primary threat to the continued success of Cry3Bb1 corn and other Bt crops is evolution of resistance by pests (Tabashnik 1994b , Gould 1998 , Carriè re et al. 2010 . Field-evolved (ϭÞeld-selected) resistance entails a genetically based decrease in susceptibility of a population to a toxin caused by exposure of the population to the toxin in the Þeld (Tabashnik et al. , 2009b . Although Bt crops remain effective against many pest populations, Þeld-evolved resistance associated with increased damage to Bt crops has been reported in some populations of at least Þve species of major target pests (Luttrell et al. 2004; Van Rensburg 2007; Tabashnik et al. 2008 Tabashnik et al. , 2009b Bagla 2010; Storer et al. 2010; Dhurua and Gujar 2011; Gassmann et al. 2011; Kruger et al. 2012) .
Recognizing the threat posed by evolution of resistance, the U.S. Environmental Protection Agency (EPA) has mandated registrants of Bt crops to develop and implement insect resistance management plans. The goal of these plans is to conserve pest susceptibility to Bt toxins, thereby reducing use of other insecticides that are more harmful to people and the environment (EPA 1998b) . In these plans, the refuge strategy is the primary approach for delaying pest resistance to Bt crops. The assumptions and evolutionary principles underlying the refuge strategy, which have been elaborated in many modeling studies, can be summarized as follows (Gould 1998 , EPA 1998b , Tabashnik et al. 2004 ): The initial frequency of alleles conferring resistance is assumed to be low, so that resistant pests surviving initially on Bt crops will be rare. The rare resistant pests surviving on Bt crops will mate with abundant susceptible pests from nearby refuges of host plants without Bt toxins. If inheritance of resistance is recessive, the hybrid progeny from such matings will die on Bt crops, substantially slowing the evolution of resistance. This approach is sometimes called the "high-dose refuge strategy" because it works best if the dose of toxin ingested by pests on Bt plants is high enough to kill all or nearly all of the aforementioned hybrid progeny. Results from modeling and empirical evidence suggest that if the highdose criterion is not met or if the initial frequency of resistance is not low, larger refuges are needed to delay resistance (Gould 1998; Carriè re and Tabashnik 2001; EPA 2002; Tabashnik et al. 2004 Tabashnik et al. , 2008 Tabashnik et al. , 2009b .
In some cases in the United States where Bt crops have met the assumptions of the high-dose refuge strategy, spectacular success has been achieved in terms of sustained pest susceptibility, suppression of pest populations, increased proÞts, and reduced insecticide use (Hutchison et al. 2010 ). In particular, Hutchison et al. (2010) show that Bt corn that meets the high-dose standard against European corn borer, Ostrinia nubilalis (Hü bner), and was deployed with a minimum refuge of 20% has been remarkably effective for more than a decade. This Bt corn has suppressed populations of European corn borer, with an estimated US$4.3 billion in cumulative beneÞts over 14 yr accruing to acreage planted to non-Bt corn refuges in Þve states (Hutchison et al. 2010) . They conclude, "These results afÞrm theoretical predictions of pest population suppression and highlight economic incentives for growers to maintain non-Bt maize refugia for sustainable insect resistance management." Conversely, all three well-documented cases of Þeld-evolved resistance to Bt corn entail failure to meet the high-dose standard, inadequate refuges, or both. These three cases are resistance of Busseola fusca (Fuller) to Cry1Ab-producing corn in South Africa (Van Rensburg 2007) , resistance of Spodoptera frugiperda (J.E. Smith) to Cry1F-producing corn in Puerto Rico (Storer et al. 2010) , and resistance of western corn rootworm to Cry3Bb1-producing corn in Iowa (Gassmann et al. 2011) .
The EPA (2012) currently requires a 20% refuge for Cry3Bb1 corn, meaning that corn not producing Bt toxins active against corn rootworms (Diabrotica spp.) must constitute at least 20% of the corn acreage on each farm (Table 1) . The current EPA (2012) requirement is a 5% refuge for corn producing two toxins active against corn rootworms (Cry3Bb1 and Cry34/ 35Ab1) (Table 1) . Here we review the evidence spurring our recommendation to increase the minimum refuge percentage for Bt corn targeting corn rootworms to 50% for plants producing one toxin active against these pests (Cry3Bb1, Cry34/35Ab1, or mCry3A) and to 20% for plants producing two toxins active against these pests (Cry3Bb1 ϩ Cry34/35Ab1 or mCry3A ϩ Cry34/35Ab1).
Corn producing Cry3Bb1
A primary reason for increasing the refuge percentage for Bt corn producing Cry3Bb1 is that it does not meet the high-dose standard against its key target pest, western corn rootworm (Meihls et al. 2008 , EPA 2010b , Clark et al. 2012 . The most direct way to test the high-dose hypothesis is to let resistant and susceptible adults mate in the laboratory and determine whether survival of their hybrid progeny on Bt plants a Minimum percentage of total corn acreage on each farm that must be planted with corn that does not produce Bt toxins active against corn rootworms. For example, a 20% refuge means 20 ha of refuge corn is planted for every 80 ha of Cry3Bb1 corn. Larger refuges are required in some cases for hybrids that produce Bt toxins active against corn rootworms and lepidopteran pests. For example, Bt corn producing Cry3Bb1 ϩ Cry34/Cry35Ab1 also produces three lepidopteran-active Bt toxins (Cry1A.105, Cry2Ab2, and Cry1F). Because lepidopteranactive Bt toxins also are produced by Bt cotton, common refuges for rootworms and lepidopterans of at least 20% non-Bt corn are required for this type of Bt corn in major cotton-growing areas (EPA 2009) .
b Ten percent when refuge seeds are mixed in the seed bag; 20% when refuge is planted separately.
c The amino acid sequence is the same for mCry3A (598 amino acids) and native Cry3A (644 amino acids) from B. thuringiensis subsp. tenebrionis except that mCry3A lacks 47 amino acids at the N terminus and has an inserted sequence of four amino acids (rather than the three amino acids at positions 155Ð157 in native Cry3A), providing a protease recognition site that increases activation and toxicity to western corn rootworm and northern corn rootworm (EPA 2007 , Walters et al. 2008 .
d EPA (2011d) . relative to non-Bt plants is at or close to 0%, which would indicate recessive inheritance (Tabashnik 2008) . Results of such experiments can be quantiÞed with the dominance parameter h, which varies from 0 for completely recessive inheritance to one for completely dominant resistance (Liu and Tabashnik 1997) . In greenhouse experiments, the survival on Cry3Bb1 corn relative to non-Bt corn was 48 Ð73% for the hybrid progeny of resistant and susceptible adults (Meihls et al. 2008 ). The h value of 0.3 calculated from these experiments indicates nonrecessive resistance (Meihls et al. 2008) .
Because suitable resistant strains for direct tests of the high-dose criterion are often not available when Bt crops are Þrst commercialized, indirect tests are used (Tabashnik 2008) . One indirect method assumes that if Bt plants do not kill virtually 100% of susceptible individuals, they probably will not kill nearly all hybrid individuals, which are heterozygous for resistance. Thus, the EPA guidelines for a high dose specify Bt plants that kill at least 99.99% of susceptible insects in the Þeld, which is based on survival of Յ0.01% on Bt plants relative to non-Bt plants (EPA 1998a ). In the Þeld, survival of larvae from susceptible populations on Cry3Bb1 corn relative to non-Bt corn was 150 Ð380 times greater than the high-dose criterion of 0.01%: 1.51% (Clark et al. 2012) , 2.5% (EPA 2010b) , and 3.79% (Meihls et al. 2008) (Fig. 2) . Thus, the observed survival in the Þeld on Cry3Bb1 corn relative to non-Bt corn yields mortality estimates Ͻ99. 99% (98.49, 97.5, and 96.21%, respectively) . Although the observed mortality of susceptible populations is only 2Ð 4% less than the high-dose standard, the failure to kill a high proportion of hybrid progeny indicates nonrecessive inheritance of resistance, which is expected to dramatically accelerate evolution of resistance (Tabashnik 1994a , Gould 1998 , Onstad et al. 2001 , Tabashnik et al. 2004 , Pan et al. 2011 . Indeed, by causing mortality of Ϸ96 Ð98% of susceptible western corn rootworm and 48 Ð73% of hybrid progeny, the concentration of Cry3Bb1 in corn is in the range of a worst-case scenario expected to cause much faster evolution of resistance than toxin concentrations causing either substantially lower or higher mortality Croft 1982, Tabashnik et al. 2004) . Substantially lower concentrations are expected to delay resistance by increasing survival of susceptible homozygotes and thereby maintaining susceptible alleles in the population ("low-dose strategy"); substantially higher concentrations are expected to delay resistance by reducing survival of insects heterozygous for resistance, which are expected to carry most of the resistance alleles when resistant homozygotes are rare ("highdose strategy") Croft 1982, Tabashnik et al. 2004) . To counter the problem created by the moderate dose delivered by Cry3Bb1 corn, refuges must be larger to delay resistance (Gould 1998; Carriè re and Tabashnik 2001; EPA 2002; Tabashnik et al. 2004 Tabashnik et al. , 2008 Tabashnik et al. , 2009b .
In addition, selection experiments have demonstrated rapid evolution of western corn rootworm resistance to Cry3Bb1 corn when adequate refuges are not provided (Meihls et al. 2008 , Oswald et al. 2011 . After three generations of constant selection on Cry3Bb1 corn in the greenhouse, survival of the selected strain in the greenhouse was similar on Cry3Bb1 corn and non-Bt corn (Meihls et al. 2008) . After six generations of greenhouse selection, a Þeld experiment showed that survival on Cry3Bb1 corn relative to non-Bt corn was 44.4% for the selected strain compared with 3.79% for the unselected control strain, indicating a 12-fold increase in survival (Meihls et al. 2008) . In laboratory experiments, 11 generations of selection quadrupled the rate of adult emergence on Cry3Bb1 corn (Oswald et al. 2011) .
The selection experiment results also imply that resistance to Cry3Bb1 was initially more common than generally assumed. Based on data from Meihls et al. (2008) , Onstad and Meinke (2010) estimated the initial resistance allele frequency was 0.2 for resistance to Cry3Bb1, which is 20 Ð200 times higher than typical empirical estimates of 0.01Ð 0.001 for other pests (Carriè re et al. 2010) and 2,000 times higher than the "standard" hypothetical estimate of 0.0001 used for western corn rootworm in several modeling studies (Onstad et al. 2001 (Onstad et al. , 2003 Crowder et al. 2006, Onstad and Meinke 2010) . Because resistance is expected to evolve faster as the initial resistance allele frequency increases, the higher than expected initial frequency of resistance to Cry3Bb1 also supports increasing refuge percentage to delay resistance Croft 1982, Carriè re and .
Most importantly, evidence of western corn rootworm resistance to Cry3Bb1 corn has been reported from the Þeld. Gassmann et al. (2011) reported Þeld observations and laboratory bioassay data demonstrating that several Þeld populations of this pest in Iowa were resistant to Cry3Bb1 in 2009. They compared susceptibility of progeny of adult beetles collected in 2009 from four "problem" cornÞelds, which were identiÞed by farmers as having severe damage caused by Fig. 2 . Survival in the Þeld of western corn rootworm on Bt corn relative to non-Bt corn. Bars show means for relative survival. Cry3Bb1 mean ϭ 2.6%: 1.51% (Clark et al. 2012 ), 2.5% (EPA 2010b) , and 3.79% (Meihls et al. 2008 ). Cry34/ 35Ab1 mean ϭ 4.2%: 2.6% (Storer et al. 2006) , and 5.8% (EPA 2010b) . mCry3A mean ϭ 3.6%: 2.17% and 5.12% (Hibbard et al. 2010a ). Cry3Bb1 ϩ Cry34/35Ab1 mean ϭ 1.8% (EPA 2010b) . For each type of Bt corn, the observed survival in all studies was Ͼ100-fold higher than the EPA standard of 0.01% (dashed line), which indicates that these hybrids do not meet the high-dose standard for western corn rootworm.
rootworms, and Þve "control" cornÞelds that did not have such damage. Mean survival on Cry3Bb1 corn in laboratory bioassays was signiÞcantly higher for larvae from problem Þelds (52%) compared with larvae from control Þelds (17%). By contrast, larval survival on non-Bt corn was similar for problem and control Þelds. In all of the problem Þelds, Cry3Bb1 corn had been planted for at least three consecutive years. Across all Þelds, survival in bioassays with Cry3Bb1 corn was positively correlated with the number of years Cry3Bb1 corn had been grown in a Þeld.
In a letter to the EPA, 22 public sector corn entomologists (Porter et al. 2012 ) cite the documentation of Þeld-evolved resistance by Gassmann et al. (2011) . They also note that "greater than expected damage" to Cry3Bb1 corn was Þrst seen widely during 2009, and by 2011, problem areas had been reported in Illinois, Iowa, Minnesota, Nebraska, and South Dakota. They conclude that all available evidence "converges in implicating Þeld-evolved resistance to Cry3Bb1 as the most likely cause of Ôgreater than expected damageÕ in rootworm problem Þelds."
Based on failure of Cry3Bb1 corn to meet the highdose standard, rapid selection for corn rootworm resistance to Cry3Bb1 corn in greenhouse and laboratory experiments, and documented Þeld-evolved resistance, we recommend that the EPA increase the minimum refuge percentage to 50% for Cry3Bb1 corn in all areas where it is grown. In local areas where resistance to Cry3b1 is detected, more stringent measures will be needed, such as not planting Cry3Bb1 corn until restoration of susceptibility to this toxin is demonstrated.
We focus here on refuge percentage, yet we recognize the potential advantages and disadvantages associated with planting refuges in different spatial conÞgurations (Tabashnik 1994a; Carriè re et al. 2004a,b; Onstad et al. 2011; Pan et al. 2011) . Primarily for simplicity, our recommendations for refuge percentage apply for refuges planted as separate Þelds, blocks or strips within Þelds, or seed mixtures. We also recommend that, as under current regulations, refuges for Bt corn that kills corn rootworms can include non-Bt corn and Bt corn that produces toxins that kill lepidopteran larvae but not corn rootworms (e.g., Cry1Ab and Cry1F).
Our recommendation for a minimum 50% refuge for Cry3Bb1 corn echoes the recommendation made in 2002 by the ScientiÞc Advisory Panel (SAP) of independent experts (including one of us, F.G.) convened by the EPA (EPA 2002) . Based on the evidence available then showing substantial survival of susceptible corn rootworm on Cry3Bb1 corn, the EPA concluded that Cry3Bb1 corn did not meet the high-dose standard and the SAP conÞrmed this conclusion (EPA 2002) . The majority of the panel members recommended a minimum 50% refuge, stating that "modeling suggested that a 50% refuge would net at least twice the time to resistance as the proposed 20% refuge" (EPA 2002) . A couple of panel members favored a larger refuge, and a few supported a 20% refuge, based on the idea this would match the refuge required then for Bt corn that kills European corn borer, and thus would increase farmer compliance (EPA 2002) . Although the effect of refuge size on compliance is difÞcult to determine, this minority opinion is not consistent with a basic principle of resistance management because Bt corn that kills European corn borer meets the high-dose standard, but Bt corn that kills corn rootworm does not. Therefore, larger refuges are needed for Bt corn that kills corn rootworm (Gould 1998; EPA 2002; Tabashnik et al. 2004 Tabashnik et al. , 2008 Tabashnik et al. , 2009b . The EPA did not follow the majority recommendation and in 2003 mandated a minimum 20% refuge for Bt corn producing only Cry3Bb1 (Knight 2003 , EPA 2005 . Subsequently, the EPA has required smaller refuges for some types of Bt corn (EPA 2009 (EPA , 2011c (EPA , 2012  Table 1 ).
Corn Producing Cry34/35Ab1 or mCry3Aa
Experimental data suggest that the risk of western corn rootworm resistance to Bt corn producing either of two other single toxins that kill corn rootworms (Cry34/Cry35Ab1 or mCry3A) is similar to the resistance risk for Cry3Bb1 corn. As with Cry3Bb1 corn, corn producing either Cry34/35Ab1 or mCry3A does not meet the high-dose standard (Storer et al. 2006; EPA 2010b; Hibbard et al. 2010a,b; (Fig. 2) . In three Þeld trials, the mean survival of western corn rootworm on Cry34/35Ab1 corn relative to non-Bt corn was 2.6% (range, 0.6 Ð 4.0%; table 1 of Storer et al. 2006) , which is 260 times greater than the high-dose standard of 0.01%. Even with adjustments for assumed density-dependent mortality, estimated mortality caused by Cry34/35Ab1 in all trials was less than the 99.99% speciÞed by the high-dose standard (Storer et al. 2006) . Moreover, empirical work directly testing the effects of density on mortality shows that the density-dependent adjustments of Storer et al. (2006) overestimate mortality caused by Cry34/35Ab1 (Hibbard et al. 2010a,b; EPA 2010b) . Data submitted to EPA showed 5.8% survival on Cry34/35Ab1 corn relative to non-Bt corn, yielding an unadjusted mortality estimate of 94.2% (EPA 2010b) . Survival on mCry3A corn relative to non-Bt corn in the Þeld was 2.17Ð5.12% (Hibbard et al. 2010a .
Also similar to results with Cry3Bb1, western corn rootworm quickly evolved resistance to corn producing either Cry34/35Ab1 or mCry3A in selection experiments (Lefko et al. 2008 , Meihls et al. 2011 . In laboratory experiments, eight generations of selection increased survival on Cry34/35Ab1 corn by up to 58.5-fold (selected York-S strain, 23.4% survival in F9 versus 0.4% in F1; table 1 of Lefko et al. 2008) . After four generations of greenhouse selection, survival of the selected strain was similar on mCry3A corn and non-Bt corn in the greenhouse (Meihls et al. 2011) . After seven generations of greenhouse selection, survival of the selected strain was similar on mCry3A corn and non-Bt corn in the Þeld (Meihls et al. 2011) .
Estimates of realized heritability from selection experiments are similar for western corn rootworm resistance to Cry34/35Ab1 (0.1Ð 0.3; Lefko et al. 2008) and Cry3Bb1 (0.15Ð 0.16; Oswald et al. 2011 ). These results suggest that the risk of resistance evolution is similar for these two toxins (Tabashnik 1992) , which is not consistent with a prediction from simulation modeling that resistance could evolve faster to Cry3Bb1 than Cry34/35Ab1 (table 10 of Onstad and  Meinke 2010 ). In addition, the estimates of realized heritability for western corn rootworm to Cry3Bb1 and Cry34/35Ab1 are similar to those for diamondback moth, Plutella xylostella (L.), resistance to a spray formulation containing toxins from B. thuringiensis subspecies kurstaki (0.14 Ð 0.18; Tabashnik 1992). Because diamondback moth is well known for its Þeld-evolved resistance to such formulations of Bt toxins (Tabashnik 1994b , Gassmann et al. 2009 ), the similar values of realized heritability for corn rootworm resistance to Cry3Bb1 and Cry34/35Ab1 suggest that it also could readily evolve resistance to these Bt toxins in the Þeld. Western corn rootworm has only one generation per year, which could slow its evolution of resistance relative to the multivoltine diamondback moth. However, under current refuge requirements, the proportion of the population exposed to toxin would probably be higher for rootworms feeding on Bt corn than for diamondback moth larvae feeding on sprayed plants, which would tend to accelerate resistance evolution for rootworms.
For Cry3Bb1 corn, the Þrst registration was in 2003 (Table 1) , the area planted to this type of corn Þrst exceeded 5 million ha in 2007 (Fig. 1) , and resistance was Þrst detected in 2009 and reported in 2011 (Gassmann et al. 2011) . The Þrst registration was in 2005 for Cry34/35Ab1 corn and in 2006 for mCry3A corn (Table 1 ). The lack of reported Þeld-evolved resistance to Cry34/35Ab1 or mCry3A probably reßects less exposure of pest populations to these toxins, based on their more recent registration and lower market share, rather than an inherently lower risk of resistance. Thus, we recommend a 50% refuge for Bt corn plants producing a single toxin that kills corn rootworms, whether the toxin is Cry3Bb1, Cry34/ 35Ab1, or mCry3A.
Cross-Resistance Among Cry3Bb1, Cry34/35Ab1, and mCry3A
In laboratory bioassays of the progeny of western corn rootworm adults collected from eight Þeld populations in Iowa in 2009, no signiÞcant correlation occurred between survival on corn producing Cry3Bb1 and corn producing Cry34/35Ab1 (r ϭ 0.068, two-tailed P ϭ 0.87), indicating no strong cross-resistance between these two toxins (Gassmann et al. 2011 ). This is not surprising, because Cry3Bb1 is a typical three-domain Cry toxin that has no sequence similarity with the binary toxin Cry34/35Ab1 (Bravo and Soberó n 2008) . We could not Þnd results of a direct test of cross-resistance between Cry3Bb1 and mCry3Aa. However, cross-resistance is more likely between these two toxins because they are much more similar to each other than are Cry3Bb1 and Cry34/ 35Ab1 (Table 1 ; Walters et al. 2008 , Crickmore et al. 2012 .
Although cross-resistance caused by alteration of one or more binding sites that are shared between toxins is not expected for toxins that have separate binding sites, cross-resistance between toxins that do not share binding sites does occur by other mechanisms (Ferré and Van Rie 2002) . We note that laboratory selection with Cry3Aa caused 400-fold crossresistance to Cry1Ba in the cottonwood leaf beetle, Chrysomela scripta F. (Federici and Bauer 1998) , which is in the same family as corn rootworms. If resistance to Cry3Bb1 causes cross-resistance to mCry3A, then resistance to Cry3Bb1 could reduce the durability of four of the Þve sets of toxins in currently registered corn hybrids that are active against rootworms (Cry3Bb1, mCry3A, Cry3Bb1 ϩ Cry34/35Ab1, and mCry3A ϩ Cry34/35Ab1).
Corn Producing Two Toxins Active Against Corn Rootworms
Evolutionary principles and limited empirical evidence indicate that under some conditions, resistance is expected to evolve much slower to plants producing a "pyramid" of two toxins that act independently to kill the same pest than to plants that produce only one of the two toxins (Zhao et al. 2003 , Gould et al. 2006 , Tabashnik et al. 2009a . If each toxin acts independently, the expected survival on the two-toxin plants is the product of the survival on each of the singletoxin plants (Fernández-Luna et al. 2010 ). However, corn producing Cry3Bb1 and Cry34/35Ab1 does not meet the assumption of independent action of these two toxins or the high-dose standard.
Based on data submitted to EPA (2010) , the unadjusted mortality of susceptible western corn rootworm larvae was 97.5% on Cry3Bb1 corn; 94.2% on Cry34/ 35Ab1 corn; and 98.2% on corn producing both toxins, which reßects survival estimates of 2.5, 5.8, and 1.8%, respectively. The observed survival on two-toxin plants of 1.8% is 12 times higher than the 0.145% survival expected if the toxins act independently (0.025 ϫ 0.058 ϭ 0.00145) . The higher than expected survival on the two-toxin plants could reßect lower concentrations of one or both toxins in the two-toxin plants relative to the concentrations in plants producing only one toxin , antagonistic interactions between the two toxins, or other factors. The survival on this two-toxin corn is 180 times higher than the high-dose standard of 0.01% (Fig. 2) .
Because plants producing Cry3Bb1 and Cry34/ 35Ab1 do not meet the high-dose standard, we agree with Alyokhin (2011) that available evidence does not support EPAÕs current 5% refuge requirement. We recommend an increase to at least a 20% refuge for this two-toxin Bt corn. In the absence of published data demonstrating that corn producing mCry3A and Cry34/35Ab1 meets the high-dose standard for western corn rootworm, we also recommend increasing the refuge percentage to 20% for this type of two-toxin June 2012 TABASHNIK AND GOULD: DELAYING CORN ROOTWORM RESISTANCE TO BT CORNBt corn. Although a 20% refuge might be adequate if all hybrids active against corn rootworms produce two Bt toxins that kill these pests, we caution that this percentage could be too low. Current regulations allow for continued use of plants producing each of these toxins singly, which is expected to accelerate resistance to plants producing two toxins (Zhao et al. 2005, Onstad and Meinke 2010) . In addition, for populations of western corn rootworm resistant to Cry3Bb1, plants producing Cry3Bb1 and Cry34/ 35Ab1 are not effective pyramids because of the reduced efÞcacy of Cry3Bb1. Moreover, plants producing each of three toxins singly have been grown in the Þeld for Ͼ5 yr (Table 1) , which has almost certainly increased the frequency of resistance to each of these toxins. Even so, an increase to a 20% refuge for corn producing Cry3Bb1 and Cry34/35Ab1 or mCry3A and Cry34/35Ab1 could help to delay resistance because it represents a quadrupling of the refuge percentage compared with the current requirement.
Integrated Pest Management (IPM)
In concert with increasing refuge percentage, the best way to delay resistance is to use IPM in which Bt corn is only one of many pest control tactics (Wright and Meinke 2011 , Monsanto 2012 , Porter et al. 2012 . Key IPM recommendations for corn rootworms include crop rotation, rotation of Bt corn hybrids producing different toxins (e.g., do not plant Cry3Bb1 corn year after year in the same Þeld), and judicious use of insecticides (Onstad et al. 2003 , Wright and Meinke 2011 , Porter et al. 2012 .
We recommend increases in refuge percentage based on the scientiÞc evidence indicating that this can help to delay corn rootworm resistance to Bt corn. However, resistance management is not the primary goal of growers, and increasing refuge percentage has practical and Þnancial implications (Onstad et al. 2003 , Downes et al. 2010 . Initial increases in refuge percentage may be limited by the availability of seed for corn that does not produce Bt toxins active against corn rootworms. If so, we propose phased refuge increases beginning in areas where resistance has been detected, resistance is suspected, or resistance is most likely based on historical planting patterns.
Although one of the potential drawbacks of increasing refuge percentage is a temporary reduction in proÞts of growers, we reiterate that most of the economic beneÞts of Bt corn realized by growers in Þve states from 1996 to 2009 were associated with planting of non-Bt corn (Hutchison et al. 2010 , Tabashnik 2010 . Data from the United States indicate that during the 5 yr before registration of Bt corn active against corn rootworms, growers applied insecticides on Ϸ6 million ha of corn annually to control corn rootworms (EPA 2005) , whereas in 2009, Cry3Bb1 corn was planted on 13 million ha (Monsanto 2009 ). In situations where the cost of the technology fees paid by growers to control corn pests exceeds the cost of the damage caused by the pests, growers may be able to increase their proÞts by increasing their refuge percentage. Simpler refuge rules and better education about the potential beneÞts of refuges could boost compliance with refuge requirements, which has generally decreased in recent years (EPA 2011b) .
Conclusions
Although resistance management is not sufÞciently advanced to accurately predict the quantitative relationship between refuge percentage and durability, results from modeling and historical patterns of Þeld-evolved resistance to Bt crops suggest that the recommended increases in refuge percentage could substantially delay resistance compared with the current requirements (Gould 1998; Carriè re and Tabashnik 2001; EPA 2002; Tabashnik et al. 2004 Tabashnik et al. , 2008 Tabashnik et al. , 2009b . In particular, we note that in Australia, a minimum refuge of 70% non-Bt cotton for cotton producing one Bt toxin (Cry1Ac) was required and the refuge percentage was reduced only after a complete switch to cotton producing two Bt toxins (Cry1Ac and Cry2Ab) (Downes et al. 2009 ). Cry1Ac cotton did not meet the high-dose standard against its main target pests in Australia, Helicoverpa armigera (Hü bner) and Helicoverpa punctigera (Wallengren), yet their susceptibility to Cry1Ac has been sustained for more than a decade (Mahon et al. 2007 , Downes et al. 2009 ). By contrast, in the United States, the required non-Bt cotton refuge was as low as 4% for Cry1Ac cotton (EPA 2001) . Cry1Ac cotton, which is no longer registered in the United States, met the high-dose standard for two major target pests in the United States, tobacco budworm, Heliothis virescens (F.), and pink bollworm, Pectinophora gossypiella (Saunders), but not for a third target pest, corn earworm, Helicoverpa zea (Boddie) (Tabashnik et al. , 2009b . Whereas susceptibility to Cry1Ac has been sustained in H. virescens and P. gossypiella for more than a decade, signiÞcantly decreased susceptibility to Cry1Ac in H. zea was Þrst documented Ͻ8 yr after this type of Bt cotton was commercialized (Luttrell et al. 2004; Ali et al. 2006; Tabashnik et al. 2008 Tabashnik et al. , 2009b Tabashnik et al. , 2010 Blanco et al. 2009 ). For H. zea, the resistance monitoring data imply that susceptibility to Cry1Ac decreased faster where the effective refuge percentage was lower , supporting the idea that larger refuges can delay resistance when the high-dose standard is not met.
Analysis of Þeld outcomes, selection experiments, and models provides robust evidence that increasing the refuge percentage can delay resistance, yet some modeling results suggest that under the assumptions of high reproductive output and strong density-dependent mortality in refuges, increasing refuge percentage might provide little or no beneÞt in delaying western corn rootworm resistance to Bt corn in some scenarios (Pan et al. 2011) . We emphasize that these are hypothetical scenarios and, in principle, growers can make such conditions less likely by using IPM to reduce the reproductive output and population density of the pest. Porter et al. (2012) note that increasing refuge percentage would generally delay resistance, but they also express concern that if the frequency of Cry3Bb1 resistance alleles is high and Þtness costs are low, then increasing refuge percentage could increase the population density of resistant insects and accelerate the spread of resistance. Again, the key is to use IPM, particularly tactics other than Bt toxins, to reduce the number of resistant pests.
When the SAP evaluated Bt corn producing Cry3Bb1 in 2002, no cases of Þeld-evolved resistance to any Bt crop had been reported and the advantages of the refuge strategy had not been demonstrated in large-scale commercial agriculture. Based on the limited information available then, the majority of the SAP recommended a 50% refuge for this type of Bt corn. With the beneÞt of an additional decade of data from the laboratory, greenhouse, and Þeld, we strongly urge the EPA to implement this recommendation rapidly for Bt corn plants producing a single toxin that kills corn rootworms, whether the toxin is Cry3Bb1, Cry34/35Ab1, or mCry3A. Although we know of no reported cases of Þeld-evolved resistance to Bt corn producing two toxins active against corn rootworm, we urge the EPA to proactively increase the minimum refuge percentage to 20% for these valuable hybrids to bolster their durability.
Even though the history of pest control provides many examples of the drawbacks of relying on single tactics for pest management, exaggerated optimism about new pest control tools seems to arise repeatedly (Barducci 1972 , Adkisson et al. 1982 , Gould 2010 . Despite a mandated 20% refuge, western corn rootworm rapidly evolved resistance to Bt corn producing Cry3Bb1. Well-documented resistance to Cry3Bb1 corn occurred in 2009 (Gassmann et al. 2011 , Porter et al. 2012 , the seventh year of registration of this product, and only the third year during which this type of corn was planted on Ͼ5 million ha in the United States (Monsanto 2009 ). This case demonstrates that with a refuge of 20%, resistance can evolve quickly to widely grown Bt plants that do not meet the high-dose standard.
An EPA (2011a) report reviews the data of Gassmann et al. (2011) and related evidence of "unexpected damage" to Cry3Bb1 corn in Iowa, Illinois, Minnesota, and Nebraska. This report recommends that "the appropriate remedial action plan be implemented for Cry3Bb1 corn in areas experiencing unexpected Þeld damage." The EPA has not previously implemented a remedial action plan for a Bt crop. Thus, it is not clear how the remedial action plan (EPA 2010a) will be put into action or how well it will work. In Puerto Rico, where biotechnology companies voluntarily stopped selling corn producing Cry1F because of high levels of Þeld-evolved resistance detected in S. frugiperda in 2007Ð2008, results of Þeld trials in 2009 Ð2010 showed that populations had remained resistant (Storer et al. 2010) .
Whereas review of the data on western corn rootworm resistance supports an immediate, large increase in refuge percentage, efforts to accomplish this may be slowed by limited availability of seed for refuge corn. The lag time for increasing refuge seed production has been overlooked in the remedial action plans to address resistance to Bt corn (EPA 2001 (EPA , 2009 (EPA , 2010a . This problem reinforces the idea that it is better to proactively require large refuges initially, rather than to increase refuge percentage as a remedial action (EPA 2002) .
The situation with western corn rootworm illustrates that changes in the regulatory framework are needed to achieve faster responses to evidence of Þeld-evolved resistance. In this case, Ͼ2 yr elapsed between detection of Þeld-evolved resistance in 2009 and the initial EPA (2011a) report reviewing the evidence of resistance. Action has been stalled, in part, because the EPA (2010a) deÞnition of "conÞrmed" resistance for western corn rootworm relies on evaluation of the median lethal concentration (LC 50 ) of Cry3Bb1 or damage to Bt corn roots by using bioassay methods envisioned when Cry3Bb1 corn was registered a decade ago, but Gassmann et al. (2011) documented Þeld-evolved resistance by measuring survival on Cry3Bb1 corn with a different bioassay method. One option to streamline the process is to convene a working group of stakeholders and scientists to review evidence and formulate plans (Carriè re et al. 2001 ). In addition, to improve future prospects for managing resistance to Bt crops, resistance monitoring data should be analyzed retrospectively in conjunction with data on the spatial and temporal distribution of Bt corn and refuges (Carriè re et al. 2012) . Meanwhile, we recommend increasing the refuge percentage to delay resistance, encourage IPM, and promote more sustainable crop protection.
